WHY TECHNICOLOR?
In the first part of these lectures we describe the motivations and virtues of technicolor and extended technicolor-dynamical theories of electroweak and flavor symmetry. We then give an overview of the "classical" theory of technicolor, using arguments based on scaling from QCD. We discuss the theoretical and phenomenological problems of technicolor and extended technicolor and summarize the main attempts to overcome them.
The Importance of Electroweak Symmetry Breaking
The theoretical elements of the standard SU (3) ⊗ SU (2) ⊗ U (1) gauge model of strong and electroweak interactions have been in place for more than 20 years. 1, 2, 3 In all this time, the standard model has withstood extremely stringent experimental tests. 4 Down to distances of at least 10 −16 cm, the basic constituents of matter are known to be spin-1 2 quarks and leptons. These interact via the exchange of spin-one gauge bosons: the massless gluons of QCD and the massless photon and massive W ± and Z 0 bosons of electroweak interactions. There are six flavors each of quarks and leptons-identical except for mass, charge and color-grouped into three generations. All the fermions have been found except for the top quark and the tau neutrino. 5, 6 If the number of quark-lepton generations is equal to the number N ν of light neutrinos, then there are no more than these three. The evidence for this comes from precision measurements of the Z 0 width at LEP, which give N ν = 2.99 ± 0.04 in the standard model. 6 The fact that the QCD-color gauge symmetry is exact-in both the Lagrangian and the ground state of the theory-implies that quarks and gluons are confined at large distances into color-singlet hadrons and that they are almost noninteracting at small distances. However, confinement and asymptotic freedom are not the only dynamics open to gauge theories. Even though gauge bosons necessarily appear in the Lagrangian without mass, interactions can make them heavy. This is what happens to the W ± and Z 0 bosons: electroweak gauge symmetry is spontaneously broken in the ground state of the theory, a phenomenon known as the "Higgs mechanism". 7 Finally, fermions in the standard model also must start out massless. To make quarks and leptons massive, new forces beyond the SU (3) ⊗ SU (2) ⊗ U (1) gauge interactions are required. These additional interactions explicitly break the fermions' flavor symmetry and communicate electroweak symmetry breaking to them.
Despite this great body of knowledge, the interactions underlying electroweak and flavor symmetry breakdowns remain unknown. The most important element still missing from this description of particle interactions is directly connected to electroweak symmetry breaking. This may manifest itself as a single new particlethe "Higgs boson"; it may be several such bosons; or a replication of all the known particles; or an infinite tower of new resonances; or something still unimagined. It is also unknown whether the new interactions required for flavor symmetry breaking need additional new particles for their implementation. Until the new dynamics are known, it seems impossible to make further progress in understanding elementary particle physics.
One very important aspect of electroweak symmetry breaking is known: its characteristic energy scale of 1 TeV. This scale is set by the decay constant of the three Goldstone bosons transformed via the Higgs mechanism into the longitudinal components, W ± L and Z 0 L , of the weak gauge bosons: The energy scale of flavor symmetry breaking is not known. It may lie anywhere from just above the weak scale, 1 TeV, up to the Planck scale, M P ≃ 10 16 TeV. It is possible that high-energy collisions at the SSC would have shed light on the flavor problem, but there was no guarantee. We shall see that technicolor-the most studied theory of dynamical electroweak and flavor symmetry-provides many signatures of flavor physics in the TeV energy range. Their production cross sections also range from quite large (∼ 1 − 10 nb) to very small (∼ 1 − 10 fb) at SSC energies and would have been accessible there. The opportunities are fewer at the LHC, but they are not negligible.
Several scenarios have been proposed for electroweak and flavor symmetries, and their breaking: 8
• Standard Higgs models, containing one or more elementary Higgs boson multiplets. These are generally complex weak doublets. The minimal model has one doublet and, after symmetry breaking, a single neutral boson, H 0 , remains after the Higgs mechanism. If Higgs bosons exist as discernible states, theoretical consistency demands that they lie below about 700-800 GeV.
• Supersymmetry. The most studied example is the minimal supersymmetric standard model. In this model there are two Higgs doublets, and every known particle has a superpartner. It is expected that all the new particles of the MSSM lie below 1 TeV.
• Models of dynamical electroweak and flavor symmetry breaking. The most studied proposal is technicolor-plus-extended-technicolor, with one doublet or one family of technifermions. In the minimal one-doublet model, the observable technihadrons are expected near 1.5-2.0 TeV and would require a machine with very high energy and luminosity (such as the SSC) for their discovery. More complicated examples, such as the one-family model, may well be testable with lower energy and luminosity.
• Composite models, in which quarks and leptons are built of more fundamental constituents. All that we know about the scale of quark-lepton substructure is that it is greater than 1-2 TeV. 6 One wants the largest possible energy and highest usable luminosity to search for substructure. (See the GEM TDR in Ref.
1.)
All of these scenarios have certain attractive features. However, as we shall see in these lectures, they also have undesirable ones. Despite their apparent problems, the standard Higgs boson, H 0 , charged Higgses, H ± , and the supersymmetric partners of all the known particles may exist and must be sought. The same applies to the dynamical technicolor scenario described in the rest of these lecture notes.
The difficulties outlined below in Section 1.2 have led to the widespread belief that none of the familiar descriptions of electroweak and flavor symmetry breaking is entirely correct. That, in fact, was the most exciting aspect of SSC physics. We know that there is new physics in the TeV energy regime. We do not know exactly what form it will take. But we knew that the SSC could have reached it. Thus, the termination of the SSC project by the U. S. Congress is an enormous blow to particle physics. Time will tell whether the blow is fatal. In the meantime, we must pursue the secrets of electroweak and flavor symmetry breaking as best we can. The best hope for this in the foreseeable future-the next 10-20 yearsis experimentation at the Large Hadron Collider (LHC), proposed to be built at CERN in the LEP tunnel. The LHC is less powerful (and less expensive) than the SSC. Yet, Nature may be kind enough to put electroweak breaking physics, and even flavor physics, within its reach. Thus, the LHC deserves the full support of all particle physicists, especially those in the United States who worked so hard on the physics of electroweak symmetry breaking and on the SSC.
Problems With Elementary Higgs Bosons
In nonsupersymmetric elementary Higgs boson models, there is no explanation of why electroweak symmetry breaking occurs and why it has the scale F π . The 2λv, and the vacuum expectation value itself are quadratically unstable against radiative corrections. Thus, there is no natural reason why these two parameters should be much less than the energy scale at which the essential physics of the model changes, e.g., a unification scale or the Planck scale. 9 A further problem of elementary Higgs boson models is that they are "trivial". 10 To a good approximation, the self-coupling λ(M ) of the minimal one-doublet Higgs boson at the energy scale M is given by
This vanishes for all M as the cutoff Λ is taken to infinity, hence the description "trivial". This feature has been shown to be true in a general class of two-Higgs doublet models, 11 and it is probably true of all Higgs models. Triviality means that elementary-Higgs Lagrangians must be considered to describe effective theories. They are meaningful only for scales M below some cutoff Λ ∞ at which new physics sets in. The larger the Higgs couplings are, the lower the scale Λ ∞ . This relationship translates into the so-called triviality bounds on Higgs masses. For the minimal model, the connection between M H and Λ ∞ is
Clearly, the Higgs mass has to be somewhat less than the cutoff in order for the effective theory to have some range of validity. From lattice-based arguments, 10 Λ ∞ > ∼ 2πM H . Since v is fixed at 246 GeV in the minimal model, this implies the triviality bound M H < ∼ 700 GeV. If the standard Higgs boson were to be found with a mass this large or larger, we would know for sure that additional new physics is lurking in the range of a few TeV.
Finally, elementary Higgs models provide no clue to the meaning of flavor symmetry and the origin of its breaking. The flavor-symmetry breaking Yukawa couplings of the Higgs boson to fermions are arbitrary free parameters. As far as we know, this is a logically tenable state of affairs-that we may not understand flavor until we understand the physics of the Planck scale-but it is a difficult pill to swallow.
The radiative instability of elementary Higgs boson models may be cured by supersymmetry. 12, 13 In the most popular scenario, supersymmetry is broken at a very high energy scale. This occurs in a sector of the theory that communicates only through highly suppressed interactions with the standard-model sector (including superpartners). Thus, standard-model interactions look supersymmetric down to a low energy energy scale where soft supersymmetry breaking effects become important. This protects the Higgs bosons' masses, the Higgs vacuum expectation values, and the masses of superpartners-gluinos, squarks, etc. Furthermore, it offers a plausible explanation of why the effective supersymmetry breaking, and electroweak breaking, scale is much less than the Planck mass, M P . Triviality is not a pressing issue in the minimal supersymmetric standard model because the Higgs masses are relatively low and, so, the cutoff Λ ∞ may be very high indeed.
Like the ordinary Higgs models, however, supersymmetry makes no attempt to explain the meaning of flavor symmetry and the origin of its breakdown. Again, flavor is broken by arbitrary Yukawa couplings put in by hand. Unlike the ordinary models, supersymmetric Higgs models suffer from a problem commonly, but incorrectly, assumed to afflict only technicolor: unacceptably large flavor-changing neutral currents (FCNC). 14 These occur via squark exchange unless the squark mass matrices are simultaneously diagonalizable with the quark mass matrices and the squark masses chosen to be nearly degenerate. This can be done, but it is not always natural to do so.
Eliminating Elementary Higgs Bosons
To break electroweak symmetry, there is no need for elementary Higgs bosons. Suppose the world were described by the standard SU (3)⊗SU (2)⊗U (1) Lagrangian with gauge bosons, n G = 3 generations of quarks and leptons, and nothing else:
Here, SU (3)-colors for the quarks are labeled by α = 1, 2, 3. The QCD interaction is mediated by eight gluons, g A=1,..., 8 . The electroweak gauge bosons are W a=1,2,3
for SU (2) EW and W 0 for U (1) EW . The SU (3), SU (2) and U (1) gauge couplings are g s , g and g ′ respectively; the field strength for, say, the gluon is
and so on. Note that the chiral nature of quark and lepton transformation laws under the electroweak gauge group forbid bare mass terms for these fermions.
Ignore the small electroweak couplings of quarks for now. Then their interactions respect a large global chiral flavor symmetry, 15
(1.5)
The strong QCD interactions of quarks cause this chiral symmetry to be spontaneously broken 16 by the condensates
In Eq. (1.6), |Ω is the ground state of QCD whose symmetry group is SU (2n
Consequently, there are 4n 2 G − 1 massless pseudoscalar mesons, commonly called Goldstone bosons, coupling to the appropriately-defined axial-vector currents with strength f π = 93 MeV. 17, 18 According to Ref. 19 , the quark condensate is approximated by ∆ q ≃ 4πf 3 π . Now restore the electroweak interactions. The quark parts of the SU (2) ⊗ U (1) currents couple to a normalized linear combination of these Goldstone bosons with strength √ n G f π . These massless states appear as poles in the polarization tensors, Π ab µν (q), of the electroweak gauge bosons. Near q 2 = 0,
Here a, b = 0, 1, 2, 3; g 0 = g ′ and g 1,2,3 = −g. The electroweak symmetry SU (2) ⊗ U (1) has broken down to U (1) EM and the bosons
while the photon, A = (g ′ W 3 + gW 0 )/ g 2 + g ′2 , remains massless. The three Goldstone bosons coupling to the electroweak currents now appear in the physical spectrum only as the longitudinal components of the W ± and Z 0 . This is the dynamical Higgs mechanism. 20 The strong dynamics of QCD did it all; no unnatural, trivial and otherwise bothersome elementary Higgs bosons were needed. The residual chiral flavor symmetries of quarks and leptons are also wrong. The electroweak gauge interactions leave invariant a large subgroup of G χ ,
where the subscripts u, d indicate that the symmetry generators act only on up-or down-type quarks of the indicated chirality. This symmetry leaves all up-quarks degenerate and, likewise, all down-quarks. All charged Goldstone bosons acquire equal masses, while all neutral Goldstone bosons remain massless. All leptons are strictly massless in this model as well.
Despite this model's failure to describe the observed breakdown of electroweak and flavor symmetries, it does produce one phenomenological success. Up to calculable corrections of O(α), 22, 23, 24 
where cos θ W = g/ g 2 + g ′ 2 . Experimentally, ρ = −0.998 ± 0.003 (see Ref. 6 , ppIII.59, ff and Eq. (2.8) below). The basis of this prediction is easy to understand. The electroweak-symmetry breaking condensates in (1.6) leave invariant a "custodial" SU (2) ⊗ SU (2) subgroup of G χ which, in turn, contains (SU (2) ⊗ U (1)) EW .
Technicolor
The solution to the problem of too small a breaking scale for SU (2) ⊗ U (1) is clear: 23, 24 Assume that there is a new asymptotically free gauge interaction, called "technicolor", with gauge group G T C , and gauge coupling α T C that becomes strong in the vicinity of a few hundred GeV. In simple technicolor models, one assign N D doublets of left-and right-handed technifermions,
If the T L are assigned to electroweak SU (2) as doublets and the T R as singlets, with appropriate (nonanomalous) U (1) couplings for all the technifermions, then they are massless and have the chiral flavor group
(1.12)
When α T C becomes strong, technifermion condensates form, similar to those in Eq. (1.6)(technicolor indices are suppressed here):
(1.13)
The chiral symmetry breaks to S χ = SU (2N D ) ⊃ SU (2) V and there are 4N 2 D − 1 massless Goldstone bosons with decay constant F π T . Throughout these lecture notes, we assume ∆ T ≃ 4πF 3 π T ; 19 see Eq. (1.23) below. A diagonal linear combination of three of these are absorbed as the longitudinal components of the W ± and Z 0 weak bosons, which acquire mass
Thus, the scale Λ T C at which technicolor interactions become strong and break G χ to S χ is determined by the weak scale, F π = 246 GeV:
What have we achieved? First, a dynamical explanation for electroweak symmetry breaking. It is the same phenomenon that causes chiral symmetry breakdown in QCD. Second, the mechanism is natural and stabilizes the weak scale far below M P . The technifermion chiral symmetry and SU (2) ⊗ U (1) do not break until α T C becomes large enough that condensates T L T R form. Since technicolor is an asymptotically free interaction, it is natural to suppose that α T C is small at very high scales (O(10 16 GeV), say), and then grows to become strong as we descend in energy to O(1 TeV). Since the chiral symmetry breaking is a soft phenomenon, vanishing rapidly at energies above Λ T C in an asymptotically free theory, 25 all mass scales associated with the breaking are of O(Λ T C ). Third, the theory is nontrivial. Because the technicolor β-function is always negative, α T C does not develop a Landau pole as did the Higgs scalar self-coupling in Eq. (1.2). Fourth, as in the elementary Higgs model, there is, quite naturally, a custodial SU (2) R flavor symmetry in G χ and this guarantees
This custodial symmetry was a consequence of the assignment of T L and T R to equivalent, complex representations of G T C .
What we have not achieved is an explanation of quark and lepton flavor symmetries, much less a theory of flavor symmetry breaking. The quarks and leptons of the technicolor theory constructed here remain massless. We shall return to this problem soon.
Minimal Technicolor
The minimal technicolor model has one doublet of technifermions, T L,R . Assigning them to equivalent complex representations of G T C , their chiral symmetry (2, 0) and (1, L . 26 Just as happens in QCD, this model should have an infinite tower of bound states-technihadrons-that can be classified according to SU (2) V . Most notably, there will be an isotriplet of vector mesons, ρ T , and an isosinglet ω T . To estimate their masses, it is customary to suppose that G T C = SU (N T C ) and T L,R belongs to the fundamental representation N TC . Then, it is assumed that one can use large-N T C arguments to scale masses and decay couplings from the ρ and ω of QCD. This gives the mass 8
As in QCD, ρ T and ω T decay into technipions, which are the W ± L and Z 0 L . Again using a large-N T C argument and scaling from QCD,
GeV ;
GeV .
(1.17)
Because ρ T and ω T are so much heavier than the W and Z, it is possible that they have appreciable decay rates into states with more than two or three weak bosons. To my knowledge, no one has attempted an estimate of these rates.
Because they are color singlets, the ρ T and ω T are produced only weakly in hadron and e + e − collisions via weak-boson dominated production and weak boson fusion. 8, 27, 29 If the mass and width estimates above are correct and N T C is not large, the only hope for detecting the ρ T is at an SSC-class hadron collider or at a 2 TeV e + e − collider. In either case, an integrated luminosity of about 10 41 cm −2 = 100 fb −1 would be required for discovery. It is unlikely that the ω T could be reconstructed in its W
Here, the only hope is to use the rare decay ω T → Z 0 L γ, estimated to have a rate of only a few per cent of the W W Z mode. 30 Other technimesons of interest are the a 1T , an isovector axial-vector meson analogous to the a 1 (1260) and a isosinglet scalar technimeson, f 0T , analogous to the broad f 0 (1400). This latter object, with mass between one and two TeV, is the nearest approximation to the standard Higgs boson, H 0 . Neither of these mesons have received much phenomenological study. One would also expect technibaryons. These would be fermions or bosons, depending on the G T C -representation content of the technifermions.
The One-Family Technicolor Model
The next simplest technicolor model has one complete family of technifermionsa doublet of color-triplet "techniquarks" and a doublet of color-singlet "technileptons" 8,27,31
(1.18)
The chiral techniquarks and technileptons are assumed to transform according to the same complex representation of G T C . Then, all interactions are anomaly-free the Q L,R and L L,R are assigned the same SU (2) ⊗U (1) quantum numbers as quarks and leptons.
Since the QCD coupling is relatively weak at the technicolor scale, Λ T C , the approximate chiral symmetry of this model is
form, this symmetry breaks down to SU (8) V with 63 Goldstone bosons. These may be classified according to their transformation properties under custodial SU (2) V and color-SU (3) as follows:
The decay constant of these technipions is
GeV.
There will also be a set of 63 ρ T (as well as one ω T ) having the same SU (2) V ⊗ SU (3) quantum numbers and decaying into pairs of these technipions. Assuming again that Q L,R and L L,R ∈ N TC of G T C = SU (N T C ) and that scaling from QCD is permissible,
(1.20)
The color-singlet ρ T with the same quantum numbers as those in the one-doublet model are produced weakly in hadron and e + e − colliders, as described above. While their masses are half that expected in the minimal model, their widths are much greater because of the many open decay channels (see below). The color-singlet ρ T signals would therefore be broad, difficult-to-see enhancements in π T pairproduction. The chances for discovery of the electrically neutral color-octet ρ T are more promising because they are copiously produced in hadron colliders via their coupling to a single gluon. 8 In Eq. (1.20), it is assumed that M π T ≪ M ρ T . This is certainly true in the one-family model described here. The only sources of explicit G χ breaking are the SU (3) ⊗ SU (2) ⊗ U (1) interactions. These generate the following technipion masses, calculated by standard current-algebraic techniques and by scaling from QCD where necessary: 32,33,34
(1.21)
The P ± mass arises from electroweak interactions, while the color-octet and triplet technipions' masses are due to color-SU (3).
The technicolor models described so far are unacceptable. Quarks and leptons are still massless because nothing explicitly breaks their chiral symmetries. The charged technipions P ± would have been discovered long ago in e + e − annihilation and Z 0 decay if they existed with such small masses. 32 The nearly massless P 0 and P ′ 0 are like the Weinberg-Wilczek axion. 35 They couple to ordinary matter with a strength of O(M q /F π T ), where M q is a QCD-generated dynamical mass, and they decay to two photons. They, too, are likely to have been ruled out by the standard axion searches. 6 Curing these problems is the motivation for extended technicolor.
Extended Technicolor-A Dynamical Scenario for Flavor Physics
We have just seen that a theory with only technicolor and color strong interactions leaves too much chiral symmetry. Most of these symmetries are spontaneously broken when the gauge couplings become large, but they are not explicitly broken. As a consequence, quarks and leptons have no hard masses. Quarks get a dynamical mass M q = O(300 MeV) from QCD, but that's it. The pions, kaons, and eta are massless or nearly so. Leptons are strictly massless. (Imagine what atomic and nuclear physics are like!) Technifermions do not acquire hard masses either. Those technifermion chiral symmetries that commute with the standard-model gauge interactions are unbroken, so there are axion-like P 0 and P ′ 0 and light P ± .
Once the problem is stated in this form, the solution is obvious: introduce new interactions that break the unwanted symmetries. Assume that these new interactions occur at energies well below the Planck scale. Then, in the spirit of dynamical electroweak symmetry breaking, they should be gauge interactions, involving fermions as the only matter fields. To break the quark, lepton and technifermion flavor symmetries, we must gauge all or part of these symmetries. This means putting quarks, leptons and technifermions together into the same (irreducible) representations of the new gauge group. This new gauge group must then contain both technicolor and flavor. The interaction is now called "extended technicolor" (ETC, for short). 32, 36 The ETC gauge interactions involve currents coupling T , q, ℓ in such a way that the only symmetries still intact just above the electroweak scale are
As we shall discuss in more detail below, the only way we know to do this with any degree of economy is to embed technicolor, color and part of electromagnetic U (1) into the gauge group G ET C . 32 This severely constrains ETC model-building.
At the high scale Λ ET C ≫ Λ T C , the ETC gauge symmetry breaks down to G T C ⊗ SU (3) ⊗ · · ·. Exactly how this is done is left unspecified in almost all ETC models. After the breaking, there are heavy ETC gauge bosons, with mass M ET C ∼ g ET C Λ ET C , where g ET C is a generic ETC gauge coupling renormalized at Λ ET C . We shall suppose that g ET C is not much less than one.
Quark and lepton hard masses are generated in O(g 2 ET C ) by a light fermion's turning into a technifermion and back into a (possibly different) light fermion while emitting and reabsorbing a heavy ETC gauge boson. The required change of light fermion chirality is induced by the technifermion's dynamically-generated mass. The q, ℓ self-energy graphs may be estimated by using the operator product expansion. The typical momentum running around the self-energy loop is M ET C . The generic result is, ignoring mixing angles and the fact that different ETC couplings and boson masses may contribute to m q and m ℓ ,
Here, we have noted the fact that these masses are renormalized at M ET C , as is the condensate T T ET C = Ω|T T |Ω M ET C . This condensate is related to the one renormalized at Λ T C , expected by scaling from QCD to be
Here, 
Thus, m T T T is a renormalization-group invariant. Equations (1.22), (1.24) and (1.25) are the key equations of extended technicolor. Together with Eq. (1.23), they may be used to estimate most quantities of phenomenological interest, including Λ ET C and the ETC-generated masses of technipions.
Let us estimate Λ ET C for m q = 1 GeV. Since color-SU (3) is a relatively weak interaction above 100 GeV, we can ignore the running of the quark mass according to its γ m and set m q (1 GeV) ∼ = m q (M ET C ). If technicolor is like QCD, that is, it is precociously asymptotically free above Λ T C so that α T C (µ) is also small in the integral in Eq. (1.24), then we can also ignore the running of the technifermion condensate. Then,
The generic ETC contribution to technipion masses is calculated in the usual current-algebraic (or chiral Lagrangian) way, using an effective interaction of the form
for the explicit chiral-symmetry breaking. 37 The result is
This mass, added in quadrature with contributions from other sources, may be large enough to remove the phenomenological objections to technipions.
Extended technicolor is a dynamical theory of flavor at moderate energies, at least compared to M P . One can easily imagine that a complete ETC theory would have no free parameters other than the value of some gauge coupling at very high energies. Just set the theory off at this high energy and, as we descend, the gauge dynamics would break all the symmetries of the theory other than G T C ⊗ SU (3) ⊗ U EM (1). Such a theory almost certainly would have effects (technipions, e.g.) discernible at existing or still-planned colliders.
We are far from this ideal. We do not even have a compelling model, though much effort has been put into trying to build them. 38 Even quite general questions have no definite answer yet:
• What breaks ETC? Since the only relevant interactions at Λ ET C are gauge interactions, ETC breaking presumably is a dynamical Higgs process. What interactions are responsible for that Higgs mechanism? 39 • Exactly what gives rise to the large hierarchy of quark and lepton masses that we observe? Do the ETC gauge interactions "tumble", breaking down at a succession of scales, with the lightest generation peeling off at the highest scale and getting mass from suppressed ETC interactions at this scale, and so on? 40 Or, are the quark and lepton hierarchies a consequence of diagonalizing some large ETC boson mass matrix? 41
• The top-quark mass is known to be greater than about 100 GeV. 5 According to Eq. (1.27), this large mass is generated by an ETC scale of about 1 TeV. This is essentially the same as the technicolor scale-a nonsensical result. So, how do we explain the top mass in ETC?
An Important Constraint on Extended Technicolor
Let us assume that the technicolor group G T C is simple. As far as I know, model-builders always assume this-usually implicitly. It means, among other things, that the technifermions from which quarks and leptons get their hard masses all have the same technicolor interactions. In particular, if techniquarks and technileptons exist, as in the one-family model, they transform according to the same technicolor group. This assumption is crucial to the argument below. Let us also assume that the ETC gauge interactions are electroweak-SU (2) invariant, i.e., [G ET C , SU (2) EW ] = 0. This assumption is also commonly made-for simplicity. I do not know if it is essential to the argument below; I suspect that it is not.
It follows from these assumptions and the absence of "classical" WeinbergWilczek axions that all known fermions-quarks and leptons and the technifermions to which they couple-must belong to at most three irreducible representations of G ET C . 32 These representations are:
• U R containing u iR , ν iR (if they exist) and T U R .
•
The equivalence of U L and D L is required by our assumption that [G ET C , SU (2) EW ] = 0. One of U R and D R may be equivalent to U L . But, in order that the up-and down-quark mass matrices are not equal and the Kobayashi-Maskawa matrix is not trivial, U R and D R must be inequivalent. If there are more ETC irreducible representations containing the known fermions than these, it is always possible to construct a U (1) symmetry current involving technifermions, quarks, and leptons and which is conserved up to a color-SU (3) anomaly. 42 This symmetry is spontaneously broken when the technifermions condense, generating a very light pseudo-Goldstone boson. The boson's mass is of order Λ 2 QCD /Λ T C ∼ 100 KeV and its couplings to ordinary fermions of order m f /F π T ; this is a "classical" axion.
As a first corollary, SU (3) C must be embedded in G ET C . If it were not, then quarks and leptons would get their mass from different sets of technifermions, colortriplets Q and color-singlets L, respectively. The "axion" U (1) current would then be given by
where T (Q) and T (L) are the trace of the square G T C -representation for Q and L. Thus, as stated earlier, at the scale(s) Λ ET C , the symmetry G ET C → G T C ⊗ SU (3) C ⊗ · · · and, so, there is at least a partial unification of gauge interactions above this scale.
Since quarks and leptons must coexist in the same ETC representations, it follows that the ETC gauge group cannot commute with electric charge. Then, since we assumed [G ET C , SU (2) EW ] = 0, we have as a second corollary that at least a piece of the usual electroweak hypercharge group, U (1) EW , must be embedded in G ET C .
Other important constraints imposed by mathematical consistency and phenomenology are: 43 1. The ETC interactions should be asymptotically free. Otherwise, naturalness is lost and, in particular, it is difficult to understand spontaneous symmetry breaking.
2. There must be no gauge anomalies.
3. Flavor-changing neutral currents must not be unacceptably large. We'll have more to say about this soon.
4. The top-quark mass must be greater than 100 GeV (unless it decays as t → bπ
The parameter ρ = 1 + O(α)
. This may be difficult to implement in an ETC model which accomodates the large top-bottom splitting.
6. The masses, if any, of the usual neutrinos must be acceptably small.
7. There must be weak CP -violation without strong CP -violation (i.e., θ = θ QCD + arg det m q < ∼ 10 −8 ) and without visible axions.
8. There must be no extra "photons"-massless (or very light) gauge bosons.
9. Quarks and leptons must have the proper electric charges.
These constraints and the one on G ET C representations make ETC model building a very difficult enterprise. Indeed, no really satisfactory ETC model has yet been constructed. Most model-builders are content to invent toy models that illustrate a particular new idea or trick. This is a reflection of how hard the flavor problem is. Clearly, we need experimental input.
The difficulty of building realistic ETC models that are relatively simple and compelling is, I believe, the real reason for technicolor's unpopularity. Other, more popular, approaches (such as elementary Higgs boson models, with or without supersymmetry) appear simple and attractive because they do not attempt to explain the physics of flavor-it is postponed to the highest energy scales. Flavor physics is hard!
WHY NOT TECHNICOLOR?
In this section we review the principal phenomenological objections to technicolorthe reasons why so many people say that "technicolor is dead". As I just said, however, I think the real reason people say this is that model-building is so difficult.
Flavor-Changing Neutral Currents
Extended technicolor interactions are expected to have flavor-changing neutral currents (FCNC) involving quarks and, probably, leptons. The reason for this is simple: Realistic quark mass matrices require ETC transitions between different flavors: q → T → q ′ . But the algebra of ETC generators of the form q ′ γ µ T and T γ µ q must include the generator q ′ γ µ q. After diagonalization of the quark mass matrices, this will produce a flavor-changing neutral current coupling to an ETC boson whose mass is not likely to be much different from the masses of those coupling to q ′ γ µ T and T γ µ q. Thus, in general, we expect four-quark interactions, mediated by ETC boson exchange, and these can generate highly forbidden process. The same argument leads one to expect two-quark-plus-lepton and four-lepton interactions that may generate unobserved processes. 32, 44 Despite some effort, no satisfactory GIM-like mechanism 45 has been found to eliminate these FCNC interactions. 46 The most stringent constraint on ETC comes from |∆S| = 2 interactions. Such an interaction has the generic form
Here, θ sd is a mixing-angle factor, presumed to enter twice in writing the currents in terms of mass eigenstates. It may be complex and it seems unlikely that it would be much smaller in magnitude than the Cabibbo angle, say 0.1 < ∼ |θ sd | < ∼ 1. The matrices Γ µ and Γ ′ µ are left-and/or right-chirality Dirac matrices. The contribution of this interaction to the K L − K S mass difference can be estimated as follows:
where I put Γ µ , Γ ′ µ = 1 2 γ µ (1 − γ 5 ) and used the vacuum insertion approximation with Ω|sγ µ γ 5 |K 0 (p) = if K p µ and f K ≃ 100 MeV. This ETC contribution must be less than the measured mass difference, ∆M K = 3.5 × 10 −12 MeV. This gives the limit
If θ sd is complex, L |∆S|=2 contributes to the imaginary part of the K 0 − K 0 mass matrix and the limit is at least an order of magnitude more stringent.
Assume that θ sd is real and positive. The fermion hard masses that come arise from the large scale in (2.3) are
where I used Eq. (1.23) to estimate the condensate. The ETC contribution to the mass of the color-singlet technipions occurring in the one-family and similar models is
These are the mass estimates that lead to the familiar statement "technicolor is dead".
Precision Electroweak Tests
The standard SU (2) ⊗ U (1) model of electroweak interactions has passed all experimental tests it has faced so far. 4 The parameters of this model-α(M Z ), M Z , sin 2 θ W -are so precisely known that they may be used to limit new physics at energy scales above 100 GeV. 47 The quantities most sensitive to new physics are defined in terms of of the correlation functions of electroweak currents as follows:
The correlators have the form
New, high-mass physics affects the Π ij functions. Assuming that the scale of such new physics is well above M W,Z , the so-called oblique correction factors S, T and U that measure this new physics are given by
The parameter S is a measure of the splitting between M W and M Z induced by weak-isospin conserving effects; the ρ-parameter is given by ρ = 1 + αT ; The Uparameter measures weak-isospin breaking in the W and Z mass splitting. The experimental limits on S, T, U are a matter of some controversy, but a typical set of values is 48 S = −0.8 ± 0.5 ,
(2.8)
The contributions to S that arise in various models of technicolor have been estimated in the papers of Ref. 47 . In calculating these contributions, it has been assumed that the strong technicolor interaction is QCD-like. That is, it has been assumed that (1) techni-isospin (measured by M T U − M T D ) is a good approximate symmetry; (2) the chiral perturbation expansion is accurate for technipions; (3) the spectrum of technihadrons may be scaled from QCD as we did, e.g., in Eq. (1.20); (4) asymptotic freedom sets in rapidly above Λ T C , so that Weinberg's spectral function sum rules converge rapidly; 49 and (5) vector-meson dominance of spectral functions is valid, i.e., they are saturated by vector axial-vector meson poles, typically the lowest lying.
If techni-isospin is a good symmetry, then S may be written as the following spectral integral:
Here, R V and R A are the analogs for the weak-isospin vector and axial-vector currents of the classic ratio of cross sections, R(s) = σ(e + e − → hadrons)/σ(e + e − → µ + µ + ). Peskin and Takeuchi 47 used QCD as an analog computer (vector meson dominance applied to spectral function sum rules) to estimate this integral. In the narrow-resonance approximation, their result is
In the second equality, the scaling formula, Eq. (1.20), was used.
Golden and Randall, Holdom and Terning, and others 47 estimated the leading chiral-logarithmic contribution, S χ , to S of the technipions that occur in occur in multi-doublet technicolor models. Their result is
These estimates agree for the popular choice of the one-family model, N D = N T C = 4, in which case S ≃ 1, approximately four standard deviations away from the central value quoted above. 50 Thus, to paraphrase Ref. 51 , "technicolor is not only really very dead, it's really most sincerely dead!"
WALKING TECHNICOLOR
The FCNC and STU difficulties of technicolor have a common cause: the assumption that technicolor is a just a scaled-up version of QCD. This assumption implies that asymptotic freedom sets in quickly and T T ET C ≃ T T T C and, hence, the estimate Λ ET C ≃ 1−100 TeV in Eq. (1.27). It also means that the technihadron spectrum is just a magnified image of the QCD-hadron spectrum, hence that S is too large for all technicolor models except, possibly, the minimal one-doublet model with N T C = 2 or 3. Therefore, it may be possible to find a solution to these difficulties in a technicolor theory whose gauge dynamics are distinctly not QCD-like. A technicolor theory in which the gauge coupling evolves slowly-"walks"-is so far the only promising example of this. 52 This section presents a short introduction to walking technicolor. It is hoped that it will whet the reader's appetite for more in-depth study. Strong extended technicolor-invoked to achieve a large enough top-quark mass-is discussed here in only the briefest terms. 53,54
FCNC and STU
Thus far the condensates T T ET C and T T T C have been approximately equal because we have assumed that γ m (µ) ≈ 3 C 2 (R) α T C (µ)/2π ≪ 1 for scales µ > ∼ Λ T C . The question we must ask now is: Can γ m be large? The answer is yes-so long as α T C (µ) is large. In that case, the perturbative formula (1.25) is no longer correct. An approximate expression for a nonperturbative γ m can be obtained by solving the Schwinger-Dyson "gap" equation for the technifermion's dynamical mass function, Σ(p) in the so-called ladder approximation. In this approximation, the technifermion-anti-technifermion scattering kernel is given by the one-technigluon exchange graph. The gap equation is
The further approximation of linearizing the integral equation has been made in Eq. If the gauge coupling α T C runs slowly over the entire range of momenta for which the mass function Σ is appreciable, it is a good approximation to take it outside the integral. The solution for Σ then has the form 55
where
This reduces to the perturbative result (1.25) in the small-coupling limit. 56
The ladder approximation indicates that spontaneous chiral symmetry breaking occurs if and only if α T C reaches the "critical coupling" α C , given in the ladder approximation by π/3C 2 (R). 52, 57, 58 No one has yet provided a rigorous proof of this statement, but it has become part of the accepted lore of dynamical symmetry breaking. Thus, the chiral-symmetry breaking scale Λ T C is defined by the condition
In other words, γ m (Λ T C ) = 1 is the signal for chiral symmetry breakdown. Cohen and Georgi, and Mahanta, Ref. 57 , have argued that this is the correct nonperturbative signal.
In QCD, the lore then goes, the anomalous dimension γ m of the quark bilinear, qq, starts out at unity at the quark's chiral-symmetry breaking scale, but quickly falls to its perturbative value 2 α QCD (µ)/π above µ ≃ 1 GeV. This is precocious asymptotic freedom. To keep γ m large in technicolor, we must require that the G T C β-function is small above Λ T C :
where Λ ≫ Λ T C . Thus, the technicolor coupling walks rather than runs. We do not know whether it is possible to construct a walking gauge theory. The question is essentially nonperturbative. If the β-function is made small through a given low order of perturbation, one can never be sure that its higher order terms are negligible.
Finally, if β(α T C ) ≃ 0 all the way to the ETC scale, so that γ m (µ) ∼ = 1 for Λ T C < µ < M ET C , then hard fermion masses are given by 59
To be quantitative, suppose that Λ ET C = M ET C /g ET C ≃ 100 − 1000 TeV and that
D , with Λ T C ≃ 1 TeV. Then, hard masses evaluated at the ETC scale are given roughly by
This enhancement is enough to accomodate the charmed quark. That may be all we need. The strong constraint on M ET C from |∆S| = 2 interactions affects masses and mixing angles in the first two generations. The third generation masses, on the other hand, may be associated with a considerably lower ETC scale. To produce m t = 150 GeV, however, we would need M ET C ≃ F 2 π T /m t ≃ 500/N D GeV. We will have more to say about this later.
Technipion masses are also enhanced by walking. The maximum ETC contribution to the mass expected in walking technicolor is
In this maximal case, the ETC breaking of technifermion chiral symmetry is not small and the technipions are not pseudo-Goldstone bosons.
The calculations of the electroweak parameter S described above are suspect in a walking technicolor model. The main assumptions of the Peskin-Takeuchi calculation 47 were that (1) techni-isospin is a good symmetry; (2) Weinberg's spectral function sum rules are valid; (3) the spectral functions are saturated by the lowestlying vector and axial-vector resonances (i.e., vector-meson dominance); and (4) the masses and couplings of these mesons can be determined by scaling from QCD.
Leave the question of techni-isospin aside for a moment. Then, while the Weinberg sum rules necessarily are valid for the weak currents, the integral for the second sum rule converges much more slowly (to zero) in a walking technicolor theory. This is because of the slower fall-off of the mass function Σ(p) compared to its QCD behavior of 1/p 2 . Thus, the spectral functions R V and R A cannot be saturated by only the lowest resonances. The spectral weight of R V (s) − R A (s) is shifted to higher s-values. Unfortunately, it is not possible to conclude from this that S is decreased. No one knows what the spectrum of a walking technicolor theory looks like. (Could it be a tower of many resonances, all contributing substantially to the spectral functions?) Thus, scaling meson masses and parameters-even for the lowest states-is questionable. Indeed, Ref. 50 shows that, with QCD-like dynamics, the naive large-N T C scaling of the technihadron masses is invalid when there are several technidoublets.
Return now to the issue of techni-isospin. Its breaking in ETC theories must be fairly large to account for the m t − m b splitting. It is known that isospin breaking among ordinary fermions can lead to a negative S and several authors have argued that this happens in walking technicolor theories. 60 However, one must then worry about the value of T . Appelquist and Terning have argued that S can be negative while T remains small in a theory in which electroweak symmetry is broken in a techni-isospin conserving way at a high scale (this breaking accounts for most of M W and M Z and, therefore, ρ = 1+αT ), while the techni-isospin is relatively badly broken at a much lower scale (where the dominant contribution to the integral for S, Eq. (2.9), comes from).
Finally, the chiral Lagrangian estimate of a lower bound for S from technipions is also likely to be unreliable. As we have just seen, chiral perturbation theory may break down in walking technicolor theories so that the technipions may not be properly regarded as pseudo-Goldstone bosons.
The Top-Quark Mass and Strong Extended Technicolor
We noted above that an ETC scale of 1 TeV or less is required to produce a mass of 150 GeV for the top quark, even if the maximal enhancement of walking technicolor is invoked. This is too close to the technicolor scale, Λ T C , for the effective four-fermion interaction (g 2 ET C /M 2 ET C ) t Γ ′ µ T T Γ µ t to make sense. To overcome this obstacle, we need, in effect, to enhance the technifermion condensate T T with an anomalous dimension greater than one. 53 This is not possible; γ m = 1 is its maximum value. A greater value of γ m is nonsensical because one then has a dynamical mass m(p) that falls off slower than 1/p. This corresponds to an explicit, hard mass in the Lagrangian. This is discussed by Cohen and Georgi (Ref. 57) and in Ref. 54 .
To generate a large m t , the authors of Ref. 53 proposed that ETC interactions are strong enough to participate in driving the breakdown of electroweak symmetry. That is, the four-technifermion interactions generated by ETC-boson exchange at a scale Λ ET C ≫ Λ T C are not negligible compared to technicolor interactions at the lower scale. 61 In order that there be a substantial separation between these two scales, it is necessary that the chiral symmetry breaking phase transition induced by the ETC interactions be at least second order. 54 Then, the ETC-induced symmetry breaking scale is tunable; it will be O(Λ T C ) ≪ O(Λ ET C ) if g 2 ET C is within (Λ T C /Λ ET C ) 2 of the critical ETC coupling to trigger spontaneous symmetry breaking. 62 If the ETC-generated phase transition is second order, and the ETC coupling is tuned to be just above its critical value, there appears in the physical spectrum a composite scalar, φ. 54 It is formed from technifermions bound by the ETC interactions. But, its mass M φ is only of O(Λ T C ) This scalar couples to technifermions with Yukawa couplings that are unsuppressed by Λ ET C . Hence, it develops a vacuum expectation value of order T T T C /M 2 φ ≃ Λ T C and this, in turn, imparts a "hard" mass of O(Λ T C ) to the technifermions. This has the effect of γ m ≃ 2, but the anomalous dimension really is not that large. If the scalar also has unsuppressed couplings to the top quark, then m t will also be enhanced to O(100 GeV). This scalar's phenomenology has been shown to be consistent with experimental limits on both FCNC 63 and oblique radiative corrections. 64 It is very much an open question whether strong extended technicolor can generate a top-bottom splitting of order 150 GeV. Some attempts in this direction are described Ref. 65 . If strong ETC can generate such large weak-isospin breaking, then there is the concern that it may induce too large a value for the T -parameter. 66 It's the same old story: No one knows how to calculate reliably in a strongly-coupled theory for which there is no direct experimental guidance.
CONCLUSIONS AND ACKNOWLEDGEMENTS
Technicolor and extended technicolor represent the most ambitious, and so far, the most compelling attempt to understand the physics of flavor. It has several attractive features, but it is also widely regarded as being "ugly" and/or too complicated. To make real progress, we will need some very bright ideas. However, I cannot escape the feeling that what we really need most is data. Nothing focuses the mind like interesting experimental results. Let us hope that we get some soon. In any case, we are bound to need the high energy and luminosity that the LHC can provide. Let us hope, also, that that is enough.
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